Abstract
The ultimate objective of the carried out simulations is to be able to determine the impact of the applied type of insulation material and external plaster in the ETICS system on the local changes of moisture level of cellular concrete in the immediate vicinity of the imperfections, as e.g. steel anchors.
Research programme
The test stand was set up in a laboratory of the Faculty of Civil Engineering of the Silesian University of Technology in Gliwice (Poland). The research model was made in the way imitating a two-layer wall - Fig.1 . External walls were made from cellular concrete of the thermal conductivity index of λ = 0.11 W/mK. The insulation layer in the ETICS system was made up by EPS Styrofoam of the thermal conductivity index of λ = 0.045 W/mK and the thickness of 5cm, 10cm and 15cm. The research model was placed on a platform made from a Europallet enclosed on both sides with 18mm thick OSB boards with the insulation made from 10cm thick XPS extruded polystyrene. The top was finished with a structure covered by two layers of thermal insulation from EPS polystyrene 10cm thick (external insulation) and 5cm thick (internal insulation).
Apart from adhesive mortar, the Styrofoam was additionally fixed to the wall by means of plastic mechanical connectors with a steel core of λ = 50.0 W/mK. For the applied mechanical connectors and for the accepted thickness values of thermal insulation, we defined the range of temperature disturbances on the external wall surface, effected by the penetration of the insulation by the adjacent connectors. Following the impact analysis, the minimum distance of 17cm between the connectors was accepted. The anchoring depth of the connectors was 6cm. Inside the model (Fig. 2) , a heat source in the form of a 60W electric bulb was placed. The temperature and humidity of air were being recorded in the continuous mode both inside and outside the model by means of two Albatronic recorders, model AB-171, which had their own power supply. The preset internal temperature of 20°C was maintained by means of the controlled thermostat having the accuracy of +/-0,5°C. Most of the time the relative humidity of air oscillated from 41 % to 84 % and reflected the external climate according to PN EN 13877. The correlation between the measurement and the parameters defined in the Standard was at the level of 0.95. The studies were carried out from 05.2016 to 05.2017. The paper presents the part of the research results involving one of the walls insulated with the 15cm thick Styrofoam.
Achieved results and discussion
To determine moisture level in the walls, laboratory tests were carried out. The tests were carried out after the operational period of one year. After the disassembly of the test stand, the samples of cellular concrete were collected for analysis from the places located in the direct vicinity of the mechanical connectors (samples A) and from the places of the solid wall away from the connectors (samples B). The samples 1A and 1B were finished with plaster of low diffusion resistance µ = 10, and the samples 2A and 2B with the plaster of the diffusion resistance factor µ = 215. The measurement of water content was carried out using the drying-weighting method. From each place A and place B, 5 samples were collected for analysis. Before the measurements, the samples were cut to appropriate dimensions. The table presents also the results obtained with the use of the program WUFI 2D. The results of the measurement are presented in Table 1 .
To determine the moisture changes of the investigated wall in time, simulation calculations were carried out using the program WUFI 2D. The program is based on a system of nonlinear partial differential equations describing the non-stationary, coupled heat and moisture transport in building materials. The moisture level of particular envelope layers is determined allowing for diffusive flow of water vapour, sorption accumulation of moisture and capillary movement. In the program WUFI 2D, the diffusion of water vapour flux in time τ is described by the general transport equation in the Cartesian coordinate system x, y as presented in [1] :
The equation (1) • providing the date and hour, specifying when the calculations started and finished. For a specific date and hour, automatically normalized data involving outdoor climate and indoor climate are allocated.
In the carried out analysis, the types of materials available in the data base of the program were used in practice. For the calculations, we selected a masonry external wall from cellular concrete with cement-lime mortar, 24cm thick, insulated with a Styrofoam layer with thin-coat plaster in the ETICS system. In the envelope, a connector with the metal core of the diameter of 8mm was embedded. The total thickness of the connector was 10mm. The model is presented in Fig.4 .
In the hygrothermal calculations, we allowed for the dependence of the thermal conductivity of the material and capillary transport coefficient on its moisture content. It is particularly significant in the case of materials of high absorbency, for which momentary coefficients of thermal conductivity of the material strongly depend on its moisture content. Such a situation takes place in the investigated case of high porosity cellular concrete, for which the value of this coefficient is changing within the range from about 0.2 to 0.7 W/mK, depending on its moisture content [7] .
Before the simulation, initial and boundary conditions were accepted. The initial mass moisture of the cellular concrete wall was defined at 50%. Extremely high initial content of moisture in the cellular concrete results in the rise of its thermal conductivity, which depends on moisture level and on the type of material structure. The walls were insulated with the 15cm thick expanded polystyrene EPS 045 of the thermal conductivity calculation factor of λ = 0.045 W/mK and diffusion resistance coefficient µ = 30. The ETICS insulation system was finished with thin mineral plastering of the diffusion resistance coefficient µ = 10, and alternatively, for the
modified silicone plaster µ = 215. The combined thickness of the plastering was 0.5cm. Combined thickness is understood as a layer of adhesive mortar with a mesh and a layer of plaster.
As the mechanical connector, we accepted a metal rod of the thermal conductivity coefficient λ = 50.0 W/mK and diffusion resistance coefficient µ = 100000, in the PCV wrapping of λ = 0.16 W/mK and µ = 15000. Other material data, including porosity, density, specific heat were accepted on the basis of information contained in the data base available in the program WUFI 2D. Outdoor climate was simulated on the basis of climate data for the town of Katowice (Poland). In the case of indoor climate, the calculation variants were limited to dry rooms having regular operation mode according to PN EN 13877. In all cases bright colour of the plaster surface layer was accepted. The calculations were carried out for two plastering variants. The plasters of different diffusion resistance coefficient µ were accepted. The variants are marked as follows: 1 -Styrofoam + plaster with a mesh and adhesive (for the plaster µ = 10), 2 -Styrofoam + plaster with a mesh and adhesive (for the plaster µ = 215).
The program WUFI 2D offers a wide range of analyses involving the obtained results. In the present paper, the results were limited to the presentation of moisture changes of the structural material (cellular concrete) in the immediate vicinity of the imperfections (connector for thermal insulation) and at the edges of the model. The investigated areas were marked on the FEM mesh of the analyzed detail and presented in Fig.5 .
The analysis carried out on the 2D model involved the following:
• moisture changes of the external plaster, 2D model, • moisture changes of the structural material of the wallcellular concrete. The calculation results of two-dimensional modeling involving moisture increment (for variant 1) are presented in the graphical form in the three-dimensional coordinate system ("pseudo 3D") over the time of 0h and 8760h (1 year) in Fig.7 .
The calculation results of two-dimensional modeling involving the increment of moisture for the variant 2 are presented in the graphical form in the tree-dimensional coordinate system ("pseudo 3D") in Fig.9 . Table 2 presents the results of laboratory tests involving the content of water in cellular concrete compared to the calculation results obtained in the program WUFI 2D for the time period corresponding with the conditions of the research studies.
Conclusions
The simulations carried out for a cellular concrete wall insulated with Styrofoam in the ETICS system have demonstrated the following:
• the drying-out model of cellular concrete envelope presented in the literature [7] was confirmed, • with respect to thermal insulation in the form of Styrofoam, the impact of diffusion resistance coefficient μ of the external plaster on the obtained results is inconsiderable, • the drying-out process of the cellular concrete wall in the vicinity of the insulation connector is considerably slower as compared to places located even at small distance from the installed connector (e.g. the distance equal to 20 diameters of the connector). The final water content in the cellular concrete in the vicinity of the steel connector is 1.5 times higher than that at the place located only 20cm away from the connector. It bespeaks of small water migration inside the cellular concrete over the operation time, • high vapour permeability of the plaster at the disruption place has favourable impact on the distribution of water content. There are, however, high daily and seasonal differences in moisture level, which results in considerable splotching on the surface of thin-layer plaster at the places of insulation connectors, especially in urban environments, • in the vicinity of the imperfections (insulation connector) the impact of physical properties of the external plaster on the changes of water content is very low (Fig.10) ; the said impact is considerable in the remaining part of cellular concrete, outside the imperfection.
• in walls made from cellular concrete and insulated with Styrofoam, it is not recommended to apply steel connectors without any additional protective device (e.g. a cover cap for thermal insulation), • for all calculations carried out in the program WUFI 2D, convergence coefficients are at the level of (7-5) 10 -5 with the number of iterations being around 1500, which bespeaks of good convergence of the obtained numerical calculations, • the compliance of the obtained in-situ research results with the simulation results, with the limited number of samples, should be accepted as good, Table 2 ). It should be emphasized that the authors intentionally ignored most of the theoretical issues from point 3, limiting themselves to the presentation of the basic equation of fluid transport in porous media. Thorough explanation of physical phenomena taking place in cellular concrete, involving the coupled transport of heat and mass was not the objective of the present paper. The said issues can be found in subject literature [8, 10] . The results involving the moisture level of envelope parts were obtained through the simulation of the coupled processes of heat and mass flow in the specific conditions of external and internal climate and for the accepted initial material characteristics. In order to find out the real performance of envelope materials, further studies should be in each case focused on the impact of imperfections, allowing for befitting local climate conditions and microclimate of the interior.
Critical comments:
The authors did not consider statistical issues involving the measurement of moisture due to insufficient number of samples collected for analysis. The applied test stand was in part saved for the execution of further studies.
